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Semiconductor nanocrystals (NCs), also known as colloidal quantum dots (QDs), exhibit unique size dependent properties and have attracted great interest thanks to their promising applications including light emitting diodes (LEDs), [1] [2] [3] [4] [5] [6] [7] [8] lasers, [9] [10] [11] biomedical imaging, [ 12, 13 ] and sensors. [ 14, 15 ] Currently, CdSe NCs as the workhorse have been well developed for such uses. [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] Despite their apparent advantages (high emission quantum yields, narrow emission line width, good photostability, etc. [33] [34] [35] [36] [37] ), the intrinsic toxicity of CdSe NCs makes them environmentally restricted, which has thus cast a doubtful future for their practical applications. [ 38, 39 ] Indium phosphide (band gap: 1.35 eV) is considered as the ideal alternative material, which offers a similar emission wavelength range but without intrinsic toxicity. [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] Previous studies have demonstrated that InP NCs can be well used in white LEDs for improving their CRI. For example, Nann et al. reported a solidstate white LED with a CRI value up to 86 by adding InP/ZnS NCs in green together with yellow phosphors. [ 52 ] Recently, a high quantum effi ciency (QE) of InP NCs of close to 70% was realized, [ 46 ] and electroluminescence (EL) emission from InP-based NCs was also reported. [ 53 ] However, there exist crucial problems related to the performance of these InP NCs. Among them are their color purity and emission spectrum tunability, which are much inferior to the well-developed CdSe NCs. The inferior properties of these InP NCs originate from a harsh reaction control owing to the strong coordinating strength of indium ligands. The emission linewidth of the typical InP NCs reported is wider (50-80 nm) than that of CdSe (15-40 nm) , which leads to a worse color purity for InP as compared to CdSe. A pioneer work on the synthesis of the InP/ZnS NCs with tunable emission wavelength has been reported by Thomas Nann and co-workers. [ 54 ] Although an impressively wide range emission spectrum tunability is achieved, the synthesis procedure used is quite complicated requiring continuous multiple injections for obtaining NCs with emission at longer wavelengths. As a result, it is still a great scientifi c challenge to obtain InP NCs with photometric performance as good as CdSe NCs.
In this communication, we report on the controlled synthesis of high-quality InP/ZnS core-shell NCs by a facile one-pot solvothermal method. The resulting NCs show high quantum yields (above 60%), wide range spectrum tunability, narrow emission linewidths, and excellent photostability. The PL spectrum of the NCs is tuned to cover the entire visible spectrum by changing the ratio of InP:ZnS without multiple injections. The photoluminescence full width at half maxima (FWHM) of only 38 nm presented in this work is the narrowest linewidth reported for InP-based NCs to date. In addition, utilizing the resulting highquality InP/ZnS NCs, a white QD-LED has been demonstrated with a high color rendering index of 91.
For a typical synthesis, indium myristate (In(MA)), tris(trimethylsilyl)phosphine (P(TMS) 3 ), and 1-octadecene (ODE) were mixed in glove box fi rstly (the color of solution quickly changes from colorless to yellow due to the nucleation process of InP). Next, the as-prepared InP nucleus solution was transferred into a three-neck fl ask, and then zinc stearate (Zn-St 2 ) was added into the reaction system. The mixture was heated to 300 ° C under Ar atmosphere and kept for a certain time to grow InP cores with Zn-rich surface. Subsequently, the precursor of S was injected into InP core-containing solution for growing ZnS shell. After that, an additional ZnS shell can also be obtained by the decomposition of zinc diethyldithiocarbamate. The process is illustrated in Figure 1 a. The resulting precipitate was dispersed in toluene. Energy-dispersive X-ray spectroscopy (EDS) confi rmed that the resulting InP/ZnS NCs were composed by In, P, Zn, and S (Fig. S1 , Supporting Information). The image of these NC samples with different ratios of InP:ZnS excited by UV light is shown in Figure 1 b. The confi rmation of a narrow size distribution can be directly observed by using a transmission electron microscope (TEM) (Figure 1 c) .
The UV-vis absorption and photoluminescence (PL) spectra of the as-grown InP/ ZnS NCs prepared at 300 ° C are shown in Figure 2 . We can see that both the absorption and PL spectra red-shift toward longer wavelengths with the increase of the molar ratio of InP:ZnS from 1:2 to 16:1. As previously reported, the addition of zinc carboxylates not only act as the zinc sources in the synthesis process of InP, but also infl uences the growth process of NCs by stabilizing the surfaces of particles and reduces the critical nucleus size. [ 51 ] In our work, the absorption spectra and PL emission wavelength can be continuously tuned from blue to near-infrared (NIR) region by increasing the ratio of InP precursors to zinc stearate while keeping the other reaction conditions unchanged. Meanwhile, the zinc-rich surface of NCs facilitates the ZnS shell growth, after adding the precursor of S, a homogeneous ZnS shell can be formed. The core-shell structure leads to an improved fl uorescence quantum yield and a minor blue-shift of PL spectrum (Fig. S2, Supporting Information) . It should be noted that the addition of zinc stearate cannot result in lattice doping because the bulk zinc doping of InP or preparation of Zn 3 P 2 requires very harsh reaction conditions such as reactive zinc precursors, high temperature and a long reaction time. [ 46 , 51 , 54 ] Figure 3 shows the fl uorescence quantum yield (QY) and full width half maximum (FWHM) of the resulting InP/ZnS core-shell NCs. The high fl uorescence QY and narrow emission used reduces constantly. Such a thin shell is very vulnerable against degradable conditions, causing dramatic reduction in the photostability. This could be assessed by continuous irradiation with UV light. As shown in Figure 5 b, for the NCs without additional ZnS shell, a rapid decrease of their PL intensity (which decreases to 70% of its initial value) can be observed within 10 h of UV irradiation (365 nm, 3 mW/cm 2 ). On the contrary, for the NCs with an additional ZnS shell, even after 25 h of continuous irradiation, little photodegradation can be seen. linewidth can be obtained when the ratio of InP to ZnS is lower than 1.2:1, and the maximum QY is 60.2%, which is comparable to that of CdSe NCs. The effective passivation of the surface-state traps of the NC cores in terms of the strain-relieved shells is considered as the origin of the observed high fl uorescence QY. With the ratio of InP:ZnS further increasing, the fl uorescence QY of NCs decreases gradually due to the decreased amount of ZnS that the thin ZnS shell cannot passivate the surface of InP cores well. Accordingly, the FWHM of NCs is also becoming wider due to the reduced amount of zinc stearate, which functions to stabilize the growth of NCs and results in a narrow particle size distribution.
The optical property of semiconductor NCs is strongly dependent on their surface ligands. It has been found that most ligands show stronger coordinating strength towards indium than cadmium. [ 54 ] The presence of strong ligands for indium leads to unstable initial nuclei, and even particle growth at low temperature. Therefore, to reduce the negative infl uence of strong coordinating ligands, the formation of InP nuclei by mixing the In(MA) and P(TMS) 3 in a non-coordinating solvent (octadecene in our case) was deliberately designed as a preliminary step in the nanocrystal synthesis (as evidenced by the color change of the reaction solution when the In(MA) and P(TMS) 3 were mixed). As shown in Figure 4 a, the PL emission peak is shorter when the sample is prepared through the preliminary step in a non-coordinating solvent. It can be reasonably concluded that in this case the growth rate of NCs is slower, and the more stable synthesis process would favor the formation of NCs with uniform size.
Nevertheless, an excess of indium precursor in the preliminary reaction system was required to avoid the surface defects and aggregation of nanoparticles caused by the lack of surface ligands. The excess indium can provide an In-rich surface, which allows a suffi cient amount of ligands to bind. It can be observed that the dangling indium bonds in the sample with In:P ratio of 1:1 result in a deep-trap surface emission at 630 nm in Figure 4 b. In this case, defects at the NCs' surface can give rise to nonradiative recombination processes that lead to weak fl uorescence QY ( ∼ 7.2%). With the increase of In (In:P = 1.18:1), the defect emission disappears and the fl uorescence QY is also enhanced signifi cantly ( ∼ 50%). At the same time, the FWHM of the resulting NCs is remarkably narrowed (only 38 nm), indicating the high color purity of NCs. Literature data correlating the FWHM of InP-based NCs is typically wider (50-80 nm) than that of CdSe (15-40 nm). The FWHM value of 38 nm reported in our work is very close to that of CdSe.
The ZnS shell plays a key role in improving the fl uorescence QY of InP NCs. However, as the InP:ZnS ratio increases, the reduced amount of ZnS is too low to passivate the InP cores effi ciently, resulting in a quick decrease of QY of NCs. Therefore, to solve the problem, we coat an additional ZnS shell on the initial InP/ZnS NCs with a thin ZnS shell by a one-step single source precursor injection. As shown in Figure 5 a, the fl uorescence QY of the initial red NCs is only 12.3%, after growing an additional ZnS shell, the sample shows improved QY of 38.1%.
Another serious negative infl uence on the resulting NCs caused by the thin ZnS shell is the poor photostability. The ZnS shell would become very thin as the amount of Zn precursor Figure 4 . PL spectra of (a) the resulting InP/ZnS NCs prepared through a preliminary step (black dots) and without preliminary step (red dots) and (b) the samples prepared with different ratios of In:P.
to the blue-green emission of poly-TPD for white light generation. The CIE coordinates of the cadmium-free LED is (0.332, 0.338), which is close to the balanced white coordinates (inset of Figure 6 c ). In addition, the white light of the QD-LED is characterized with a high CRI of 91, signifi cantly higher than that of most of solid-state white LEDs. An image of the white QD-LED output was recorded at a luminance of 270 cd/m 2 (inset of Figure 6 c), which displays bright and uniform white emission.
In summary, high-quality InP/ZnS core-shell NCs with luminescence tunable over the entire visible spectrum have been prepared by a facile one-pot solvothermal method without multiple injections. The excellent optical properties of the resulting NCs including high quantum yields, narrow emission linewidth and good photostability were obtained by effectively passivating the surface defects of InP NC cores with a strain-relieved ZnS shell. The FWHM of the NCs is as narrow as 38 nm. Furthermore, in this work, a white QD-LED based on the resulting NCs has been successfully demonstrated with a high color rendering index of 91. The high performance of the resulting InP/ ZnS NCs coupled with their low intrinsic toxicity may further enable industrial applications of these NC emitters.
Experimental Details
Materials : indium acetate (99.99%, Alfa Aesar), myristic acid ( ≥ 99%, Sigma), tris(trimethylsilyl)phosphine (P(TMS) 3 ; 95%, Aldrich), zinc stearate (10-12% Zn basis, Sigma-Aldrich), zinc diethyldithiocarbamate (Zn(DDTC) 2 ; 97%, Aldrich), Sulfur powder (S; ≥ 99.5%, Sigma-Aldrich), 1-octadecene (ODE; 90%, Aldrich), 1-dodecanethiol (DDT; 98%, Alfa Aesar), ethanol (AR), chloroform (AR), toluene (AR). All chemicals were used as received without further purifi cation. The InP-ZnS core-shell nanocrystals were synthesized by using standard air-free procedures.
Synthesis of monodisperse InP/ZnS core-shell nanocrystals : A typical procedure is given as follows: 0.3 mmol of In(MA) 3 , 0.3 mmol of P(TMS) 3 and 3 mL of ODE were fully mixed in a nitrogen glove box at room temperature (following which the color of solution quickly change from colorless to yellow due to the nucleation process of InP). Next, the as-prepared InP nuclei solution was transferred into a three-neck fl ask (50 mL), and then 0.3 mmol of zinc stearate and 21 mL of ODE were added into the reaction system. The mixture was quickly heated to 260-300 ° C with strong agitation under Ar atmosphere and kept at this temperature for a defi ned time (10-30 min) to grow InP cores. Subsequently, 0.3 mmol of DDT or S powder was added into InP corecontaining solution which was cooled down to 60 ° C around beforehand, and was repeatedly heated up to 300 ° C for 10 min. After cooled down to room temperature, 54 mg of zinc diethyldithiocarbamate and 3 mL of ODE was added to the solution for growing an additional ZnS shell. The fl ask was heated to 220-230 ° C again for 20 min. To purify the resulting NCs, the reaction mixture was cooled down to room temperature, and 3 mL of a chloroform/ethanol (2:1 vol:vol) mixture as well as an excess amount of acetone were added, followed by centrifugation. The as-prepared precipitate could readily be dispersed in toluene or chloroform. The precursor indium myristate was prepared using the method introduced in Ref. 46 .
Fabrication of the QD-LED device : The patterned ITO substrates were cleaned by sonication sequentially in detergent, de-ionized water, acetone, and isopropyl alcohol. The PEDOT:PSS was spun on the plasma-O 2 -treated ITO substrate at a spin rate of 4000 rpm for 60 s and dried at 150 ° C for 30 min in a nitrogen glove box. The 1 wt% of poly-TPD in chlorobenzene was also spin-coated on the PEDOT:PSS layer at 2000 rpm for 60 s, followed by thermal annealing at 110 ° C for 30 min. The QD layer was then deposited on the ITO/PEDOT:PSS/poly-TPD layer To assess suitability of the resulting InP/ZnS core-shell NCs as emitters for QD-LED application, a device structure of ITO/ PEDOT:PSS/poly-TPD/QDs/TPBi/LiF/Al was fabricated, for which the corresponding schematic energy level diagram is shown in Figure 6 a. The LED output spectrum is recorded at the bias voltage of 11 V (Figure 6 b) , exhibiting a broadband coverage over the entire visible wavelength regime. The red emission is attributed to the red-emitting InP/ZnS NCs (confi rmed by the PL profi le of red NCs), which is spectrally complementary 
